ABSTRACT. Effects of temperature and substrate addition (glucose, ammonium or dissolved free amino acid) on bacterial growth were studied in short-term incubations of samples from north, mid and south Chesapeake Bay and a small salt marsh creek, in 1991 and 1992. Bacterial specific growth rates were exponentially and positively correlated with incubation temperature in all seasons studied. Relationships with temperature were consistently similar across different estuarine habitats and chlorophyll concentrations (2 to 5 0 pg I") at incubation temperatures ranglng from 3 to 25OC. Within this temperature range, the average Qlovalue for bacterial specific growth rates was 2.72 + 0.26. Substrate enrichment did not increase bacterial abundance, production and specific growth rate within 24 h when water temperature was <7 "C. At lugher temperatures (>20°C), substrate enrichment effects occurred after 3 h incubation although the effect was not consistent across study areas. Temperature-substrate interaction experiments showed that temperature was more effective in regulating bacterial production and specific growth rate than substrate when compared on the same time scale. The substrate enrichment effect on bacterial growth appeared to be temperature dependent. High temperature dependency and the lack of substrate effect on bacterial growth at temperatures < 20°C suggested that estuarine bacterial growth was not limited by substrate supply but by temperature during non-summer seasons. Response of bacteria to temperature was uniform across a range of time scales. There was no evidence of adaptation to in situ temperature by bacterial assemblages in different seasons. The seasonal cycle of bacterial growth rate can largely be explained as a physiological response to the in situ temperature by a eurythermal bacterial community.
INTRODUCTION
Estuarine bacterial abundance, production and specific growth rate are potenially regulated by many environmental factors. Many studies suggest that substrate supply can be important in regulating bacterial properties. This effect can be inferred from the positive correlation between phytoplankton biomass (and/or production) and bacterial biomass (and/or production) observed in field studies and enclosure experiments Present addresses:
Institute of Oceanography, National Taiwan University, Taipei, Taiwan "Departn~ent of Chemistry, Woods Hole Oceanographic Institute, Woods Hole. Massachusetts 02543, USA (Fuhrman & Azam 1980 , Bird & Kalff 1984 , Lancelot & Billen 1984 , Bjmnsen et al. 1988 , Cole et al. 1988 , Currie 1990 , White et al. 1991 , Simon et al. 1992 . However, direct evidence for this hypothesis is rarely available since the substrate stock and supply rate for bacteria is very difficult to measure directly. Ducklow & Carlson (1992) suggested that the bottom-up control hypothesis is more difficult to prove in coastal and estuarine areas where allochthonous substrate supplies, such as terrestrial runoff and benthic fluxes, may also support bacteria. Weak, or even nonsignificant correlations between bacterial biomass (and/or production) and phytoplankton biomass (and/or production) have been observed in estuarine and coastal areas (Painchaud & Therriault 1989 , Findlay et al. 1991 , Malone et al. 1991 , Hoch & Kirchman 1993 ).
These studies suggest that substrate supplies from sources other than phytoplankton can sometimes support bacterial growth. Of the physical factors, temperature has often been demonstrated to be one of the major factors correlated with the seasonal variability of bactenal abundance, production and specific growth rate in estuarine, coastal and freshwater ecosystems (White et al. 1991 , Shiah 1993 ). However, the ecological significance of these relationships have seldom been emphasized or explicitly addressed. Intuitively, we would expect temperature to have a direct effect on the rate of numerous physiological processes of bacteria. Laboratory experiments show that when substrate supply for bacteria is not limiting, bacterial specific growth rate, the half saturation constant for substrate and bacterial growth yield vary exponentially with temperature , Topiwala & Sinclair 1971 . Bott (1975) first hypothesized that the growth rate of bacteria in streams was not limited by substrate availability but by temperature. Love11 & Konopka (1985) suggested that bacterial growth in lakes was limited by temperature. Hoch & Kirchman (1993) showed that, in the Delaware estuary (Delaware, USA), bacterial specific growth rate was positively correlated with temperature < 12 'C. DucMow & Shiah (1993) hypothesized that the growth of bacteria in the mid Chesapeake Bay (and perhaps other estuarine habitats) was probably seldom limited by in situ substrate supply but by temperature. Shiah (1993) showed that the spatial and temporal distribution patterns in bacterial abundance, production and specific growth rate in Chesapeake Bay and a salt marsh tidal creek were strongly controlled by temperature. They concluded that the growth of bacteria during non-summer seasons (< 20 "C) was limited by temperature rather than substrate supply.
By examining various data for biological temperature response of phytoplankton, zooplankton and fishes and combining Arrhenius temperature law and MichaelisMenton rate law, Quinlan (1981) demonstrated that in these 3 trophic levels, the optimum temperature at which a thermal rate maximum occurred was a function of resource level. This function constituted a thermo-chemical constraint between in situ temperature and resource availability that must be satisfied to optimize performance. Her idea is similar to hypotheses proposed later by Pomeroy et al. (1991) , White et al. (1991) , Wiebe et al. (1992 Wiebe et al. ( , 1993 and Kirchman et al. (1993) , suggesting that temperature and substrate supply affect bacteria interactively.
To provide experimental and mechanistic support for our field observations and to determine the relative importance of temperature and substrate availability in regulating bacterial growth rate, we performed shortterm temperature manipulation and substrate enrichment experiments. We reasoned that if the growth of estuarine bacteria were limited by substrate supply, then bacterial biomass, production and specific g]-owth rate would increase after the addition of substrate and there would be no consistent relationship between temperature and bacterial properties. Our results suggest temperature is the most important factor regulating bacterial activity in Chesapeake Bay, and that the temperature effect is independent of the season, in situ temperature, habitat and chlorophyll concentration.
MATERIALS AND METHODS
Temperature manipulation experiments. Surface water samples from stations in the north, mid and south Chesapeake Bay (Fig. 1) were collected by Niskin bottles in October and November 1991 and February, May, June and August 1992. Experiments were performed immediately after the water was drawn from the Niskin bottles. Salt marsh tidal creek ( Fig. 1 ) water samples were collected at low tide in June and October 1991 and January, February, May, June and August 1992. Water samples (50 ml) were pre-incubated at 5, 10, 15, 20, 25, 30°C and in situ temperature in opaque polycarbonate bottles for 1 h, which was sufficient to allow adjustment to the new temperature. After pre-incubation, bacterial abun- Fig. 1 . Map of Chesapeake Bay area showing sampling stations dance and production were assayed. Temperature for each treatment was controlled within k 1 "C.
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Substrate enrichment experiments. Experiments were performed in the north, mid and south Chesapeake Bay and the salt marsh tidal creek in March, June and September 1992. To remove bacteriovores and reduce the possibility of organic matter release from other organisms due to cell damage, freshly collected surface water samples were filtered through 0.8 pm cellulose acetate filters by gravity filtration into a 20 1 polycarbonate bottle. After mixing, the filtrate was assigned to 4 treatments which were incubated in 1 1 opaque polycarbonate bottles at in situ temperature. Treatments included: (1) untreated filtrate, control; (2) glucose addition; (3) glucose plus ammonium (NH,') addition; and (4) dissolved free amino acid (DFAA) addition. The final concentration of glucose, NH,+ and DFAA was 600 , 10 and 75 pM respectively.
These concentrations were at least 2 times higher than in situ concentrations which have been reported in Chesapeake Bay (Coffin 1989 , Shiah 1993 , J . D. Hagy & T. R. Fisher unpubl.). The DFAA mixture contained 5 pM each of leucine, glycine, phenylalanine, arginine, proline, threonine, alanine, histidine, tyrosine, serine, isoleucine, valine, asparagine, lysine and methionine. DFAA addition was not performed in the September experiment. Bacterial abundance and 'H-thymidine incorporation were measured every 3 to 8 h for 24 h. Substrates were added after bacterial abundance and 9-thymidine incorporation were measured at the first sampling point. All equipment including filtration cartridge, filters and polycarbonate bottles were acid (10 % HCL) washed and rinsed with deionized water at least 3 times before experiments started. Preliminary experiments showed that the addition of glucose, NH,', DFAA and PO4-' (final concentration: 100, 10, 75 and 5 pM respectively) did not enhance 3H-thymidine incorporation prior to 3 to 5 h. The specific growth rates in 0.8 pm filtrates were close to those in the whole water samples (Shiah 1993) .
Temperature-substrate interaction experiments. To test the interaction between temperature and substrate addition, at the last sampling point of the March 1992 tidal creek experiment and the June 1992 nlid Bay experiment (i.e. 24 to 30 h after substrate addition), the whole water sample, control and treatments were split and incubated at in situ temperatures and also at higher temperatures (19°C for the March experiment and 28°C for the June experiment) for 1 additional hour before measuring 3H-thymidine incorporation.
Bacterial abundance. Bacterial abundance was determined by the acridine orange direct count method (Hobbie et al. 1977) . Samples fixed with glutaraldehyde (final concentration 1 %) were stained with acridine orange (final concentration 0.01 %) for 2 min and then filtered through 0.2 pm polycarbonate filters prestained with Irgalan black solution. Filters mounted in Cargille Type A immersion oil on slides were enumerated at 1650x by epif1,uorescence microscopy (ZEISS, Axiphot) with a 100 W mercury lamp, blue BP 450-490 exciter filter and LP520 barrier filter Bacterial production and specific growth rate. Bacterial production was estimated by 9-thymidine (Fuhrman & Azam 1980 , 1982 and 'H-leucine (Kirchman et al. 1985 , Chin-Leo & Kirchman 1988 ) incorporation separately. Duplicate or triplicate 10 m1 aliquots of freshly collected water were incubated with 3H-[methyl]-thymidine (specific activity 20 to 85 Ci mmol-l, final concentration 10 nM) in opaque polycarbonate bottles at in situ temperature for 0.5 h. Preliminary tests showed that this concentration saturated thyrnidine uptake systems of natural bacteria from the sampling areas. Incorporation was stopped by adding formaldehyde (final concentration 1 %). Killed samples, including the time zero control, were filtered through 0.2 pm polycarbonate filters, rinsed 4 times with ice cold 5 % TCA and then 4 times with 80 % ethyl alcohol. Scintillation cocktail (10 ml; Formula 963, Dupont) was added after filters had been dried at 35 "C overnight in their vials. Radioactivity was counted by liquid scintillation (Packard, 2200CA). Water samples also were incubated with L-[3,4,5-'H-(N)]-leucine (final concentration 22 nM; 1 nM labeled leucine and 21 nM unlabeled leucine). The extraction procedures were the same as those for cold TCA thymidine incorporation. Thymidine and leucine incorporation rates normalized by bactenal abundance were used as an index for bactenal specific growth rate.
Data analysis. Statistical analysis including analysis of variance (ANOVA), analysis of covariance (ANCOVA), linear regression (Model I) and the Komogorov-Smirnov test were performed using SYSTAT (Wilkinson et al. 1992) . To equalize the variance, bacterial abundance, thymidine incorporation rate and speclfic growth rate were natural-log transformed in regression and ANCOVA analysis (Edwards 1985) . Normality of transformed data was tested by the Komogorov-Smirnov test. Table 1 lists the ranges of all measured variables at the 4 study areas when experiments were performed. in sjtu bacterial abundance, thymidine incorporation rate and leucine incorporation rate ranged from 2.1 to 17.1 X log cells I-', 6 to 720 pM h-' and 30 to 4800 pM h-' respectively. They were within the annual range of field data of 1990 and 1991 reported by Shiah (1993) (5) and were all positively correlated with temperature (n = 32, p < 0.01).
RESULTS

Temperature manipulation experiments
The specific rate of 3H-thymidine incorporation (TdR cell-'), an index of the specific growth rate of the cells, was positively correlated with incubation temperature (Shiah 1993) ( Fig. 2A to D) . Temperature ("C) Fig. 2A) , close to the observed in situ value of 24.0 X lO-' pm01 cell-' h-' (Shiah 1993) . Above 20°C, the range of resulting TdR cell-' values at the manipulated temperatures diverged, and in the rnidBay experiments, the variability in TdR cell-' at a given temperature was greater over the whole range of incubation temperature. In spite of the variability, however, the response of the cell populations was very consistent and independent of sampling date, in situ temperature and location (Fig. 3A, B , Table 2 ). That is, regressions of In (TdR cell-') and ln(Leu cell-') on temperature for each experiment had very similar slopes. Fig. 3A , B shows examples for February and June 1992. The slopes for all experiments were similar, within and between habitats and dates ( Table 2 ). In 1 experiment (Expt 6), the slope for In (TdR cell-') was significantly higher and for 2 others (Expts 11 & 22) significantly lower than those of the other experiments. Additionally, in Expt 3, the slope for In (Leu cell-') was significantly lower and for Expts 8 & 17 significantly higher than those of the other experiments (ANCOVA, p i 0.05). Overall, the slopes for In (TdR cell-') and In (Leu cell-') were very consistent, with average values of 0.10 and 0.13 respectively. These response coefficients (i.e. slopes) were similar across a range of in situ chlorophyll concentrations of 2 to 50 pg 1-' (Fig. 4A, B) . Specific growth rate was strongly regulated by temperature in a consistent way in all areas of Chesapeake Bay at all times of the year.
Substrate enrichment and temperature-substrate interaction experiments
Overall, substrate addition did not have as strong an effect on bacterial properties as temperature. In March, when water temperature was < 7 "C, substrate addition did not increase bacterial abundance, 3H-thymidine incorporation, or TdR cell-' over 24 h in any of the experimental treatments, for any area except the north Bay (Fig. 5a to 1) . There, thymidine incorporation was elevated by about 33 % over the control after 24 h (Fig. 5e ). All the treatments responded equally to an increase in the incubation temperature from 5 to 19 "C after 24 h (Fig. 6) . controls after 2 to 5 h incubation, with DFAA treatment having the strongest effect. (Figs. 7a to c) . Substrate addition had no effect on bacterial abundance in north, mid and south Bay samples (Fig. 7d, g, j) . 3H-thymidine incorporation and TdR cell-' in north and south Bay were enhanced by the substrate addition after 24 and 7 h incubation respectively (Fig. 7e , f , k, 1). After 24 h incubation, the 3H-thymidine incorporation with glucose plus NH,' treatment was 18 % higher than that of glucose treatment in the south Bay ( treatment was d~fferent from glucose treatment at p < 0.05 ANOVA, p < 0.05). Substrate effects on bacterial variables were not observed in mid-Bay samples. Fig. 8 shows the results of the June 1992 temperature-substrate interaction experiment performed in the mid Bay. After increasing temperature from 22 to 28"C, TdR cell-' of the control and treatments all increased 7 5 % in 1 h (ANOVA, p > 0.05). Note that even when substrate appeared to limit bacterial growth, temperature effects were still observed.
In September, the tidal creek experiment followed the same trends as those of the June experiment. Bacterial abundance, 3H-thymidine incorporation and TdR cell-' of the substrate treatments were higher than those of the controls after 5 h incubation (Fig. 9a to c) . In the north Bay, substrate addition effects were not observed in 1 2 h (Fig. 9d to f) . However, the glucose treatment enhanced 3~-t h y m i d i n e incorporation and TdR cell-' in mid and south Bay in 6 and 4 h respectively. (Fig. 9h, i, k, 1 ; ANOVA, p < 0.05).
DISCUSSION
Temperature manipulation experiments
In the temperature manipulation experiments, the total incubation time (i.e. 1.5 to 2 h) was too short for bacterial abundance to change. These experiments addressed the effects of temperature on cell physiology (i.e. TdR cell-', Leu cell-'). Laboratory experiments show that when grown in substrate-unlimited conditions, the rate of DNA chain extension of Eschej-ichia coli B/r is controlled by temperature (Chesbro et al. 1990 and citations therein). Higher temperatures may enhance multiple chromosome replication and, thus, the rate of cell division. We hypothesized that bacterial specific growth rate in temperate estuaries was not limited by in situ substrate supply but by temperature during non-summer seasons (i.e. temperature < 20°C). This is supported by results which showed that TdR cell-' and Leu cell-' increased exponentially with temperature and then leveled off around 20 to 25°C. If bacterial growth was limited by substrate, then increasing incubation temperature would be less likely to enhance TdR cell-' (and Leu cell-'). Autio (1992) showed that in batch cultures, bacterial specific growth rate covaried with incubation temperatures up to ca 20°C and remained stable. Hollibaugh (1979) also showed the same phenomenon for bacterial DFAA uptake rates.
The results also indicated that in situ temperature during non-summer seasons was too low to yield maximal specific growth rates. This has been also observed by other investigations (Bott 1975 , Witzel 1980 , Love11 & Konopka 1985 , S e~a s & Billen 1989 , Upton et al. 1990 , Autio 1992 . Bott (1975) showed that stream bacteria were not optimally adapted to the prevailing water temperature, but rather to temperatures 5 to 20°C higher. He suggested that bacterial growth rates in streams were unlikely to be limited by substrate availability and that temperature had an overriding influence on growth rate. Witzel (1980) found that higher incubation temperatures enhanced bacterial metabolic rates but also reduced the substrate affinity. We suggest that when substrate supply is not limiting, bacterial growth is simply controlled by temperature and when temperatures exceed 20 "C, substrates could be exhausted by fast-growing bacteria and begin to limit bacterial growth.
Results from our warming-up and cooling-down experiments indicated that estuarine bacteria were eurythermal: they could adapt to a sudden increase or decrease of temperature without terminating their activity. There was no evidence of thermal stress and none for psychrophily in winter samples. In the tidal creek, temperature changed up to ca 10°C over 1 die1 cycle (Shiah 1993) . Physiological adaptation of bactena to seasonal mean temperature may be less important than the ability to respond quickly to changing environmental conditions (Upton et al. 1990 ).
Greater variations m TdR cell-' observed at higher temperatures (i.e. >20°C) revealed both short-and long-term temperature adaptation. Adaptation can be defined as an organism adapts to a given environmental condition when its response to that condition depends on the state of condition prevailing during its growth (Li & Diclue 1987) . The rate.compensation hypothesis has been proposed to explain the shortterm temperature adaptation of phytoplankton (Li & Morris 1982 and citations therein) . Their results showed that when incubation temperature changed from 25 to 15"C, for example, the new specific growth rates at 15°C were lower (i.e. partial compensation) than the specific growth rate of the same species that had been growing at 15°C all the time (i.e. long-term temperature adaptation). Both partial and inverse (i.e. new specific growth rates were higher than in situ specific growth rates) compensation was observed in our study. Either genotypic or phenotypic adaptations could have occurred. Bacterial populations in the water samples taken from different seasons and different locations might be different (Lee & Fuhrman 1990 ). If this is the case, then our results indicate that below 20 "C, the temperature dependency of specific growth rate for different bacterial populations is quite similar.
Temperature effects over different temporal and spatial scales
In a study performed in coastal Nova Scotia, Canada, Hollibaugh (1979) showed that the lag period (48 to 240 h) required for bacteria to respond to substrate (DFAA) enrichment was negatively correlated with temperature. The slopes for the lag period on temperature were similar both at seasonal (slope, -4.7 h per "C) and daily (slopes, -3.9 and -5.0 h per "C) scales. Iriberri et al. (1985) showed that the slope ( b = 0.217) for bacterial '4C-glucose uptake on temperature (12 to 22 "C) was very similar to the results of Maita & Yanada (1978; b = 0.210) and Bolter (1982; b = 0.216) , although these 3 studies were performed in different seasons and locations. Chin-Leo & Benner (1992) also showed that bacterial production and abundance in winter experiments (9 to 17OC) from the Mississippi River plume were not enhanced by the addition of glucose, NH,' and within 35 h. But in summer, when temperature exceeded 28"C, bacterial growth near the outflow of the Mississippi River was limited by labile carbon, whereas in the plume waters of intermediate salinity (31 psu), their growth was and NH,' limited. They concluded that in the winter, bacteria might be temperature limited rather than substrate limited.
The slopes for In (TdR cell-') on temperature on a scale of hours were homogeneous across different areas (Table 2) . They are also close to the values for daily (slope: 0.08 to 0.14; Shiah 1993) and seasonal (0.08 to 0.17; Shiah 1993) scales. These data suggest that the temperature dependence of bacterial specific growth rate is uniform over a range of spatial and temporal scales and that it is independent of in situ substrate supply rates (e.g. chlorophyll concentrations). The seasonal cycle of estuarine bacteria can be interpreted as a physiological response of the growth rate to the In situ temperature. More importantly, our results directly prove that bacterial specific growth rate in temperate estuaries during non-summer seasons is not limited by substrate supply, but by temperature. Given an averaged slope value of 0.1 f 0.01 for In (TdR cell-') on temperature, the Qlo value is 2.72 k 0.26.
Substrate enrichment experiments
Bacterial abundance, 3H-thymidine incorporation and TdR cell-' were enhanced by substrate addition only during warm seasons when temperature exceeded 20°C although the patterns were not consistent. For those cases which showed substrate effects, bacterial growth was limited by labile organic carbon and nitrogen (glucose and DFAA) except for the experiment performed in south Bay in June which suggested that NH,' might also limit bacterial growth. This coincided with low initial NH,' concentration at the beginning of experiment (0.04 PM).
Recent investigations have shown that bacterial growth can be limited by the availability of inorganic phosphorus (Toolan et al. 1991 , Chin-Leo & Benner 1992 , Coveney & Wetzel 1992 . For the experiments which showed no substrate (carbon and/or nitrogen) addition effect, one might suspect that it was due to the phosphorus limitation on bacterial growth. However, this is not the case for this study. Preliminary experiments showed that for both whole water and 0.8 Fm filtrate samples, the addition of 5 pM P04-3 did not enhance 3H-thymidine incorporation of the mid-Bay water samples after 6 h incubation.
The results also suggest that substrate effects on bacterial abundance, 3H-thymidine incorporation, 3H-leucine incorporation, TdR cell-' and Leu cell-' are temperature dependent. This is based on the following evidence. Substrate addition effects only occurred when the in situ temperature exceeded 20°C. TdR cell-' values for the first sampling point (i.e. before the addition of substrates) in the June and September experiments were about 2 to 10 times higher than those of the March experiment. This might be due to the difference in in situ temperature. In the June and September experiments, TdR cell-' values for the first sampling point of the tidal creek samples were about 2 times those of the Bay samples and 3H-thymidine incorporation rates and TdR cell-' values of the tidal creek samples responded much faster than the Bay samples to the addition of substrate. These effects coincided with the higher in situ temperature (> 30 "C) in the tidal creek.
Substrate-temperature interaction Pomeroy et al. (1991) and Wiebe et al. (1992 Wiebe et al. ( , 1993 demonstrated that bacteria required higher concentrations of substrate for active growth at the annual minimum temperature. They suggested that both temperature and substrate effects should be considered in evaluating the limits to the microbial loop (and bacterial) activity. Kirchman et al. (1993) showed that in the subarctic Pacific, bacterial specific growth rates could be enhanced by either temperature increases or dissolved organic matter (DOM) additions. However, bacterial specific growth rates were affected faster by temperature increases than by DOM additions. They concluded that both temperature and substrate supply were important in controlling bacterial specific growth rate and that temperature cannot be considered as an independent controlling factor because increased specific growth rate must be based on the supply of substrate.
Our temperature-substrate interaction experiments indicated that after 24 h, increasing the incubation temperature could still enhance TdR cell-' equally in the control and substrate treatments. High substrate concentration did not enhance bacterial abundance, 3H-thymidine incorporation and TdR cell-' during March 1992 experiments when in situ temperatures were low (i.e. <5"C). These results indicate that temperature is more effective in regulating TdR cell-' than substrate when compared at the same time scale. The homogeneous pattern of slopes for In (TdR cell-') and In (Leu cell-') on temperature versus chlorophyll concentrations indicated that there was not a strong interaction between temperature and the coupling of bacterial growth with phytoplankton (Fig. 4A, B) .
Substrate effects on bacterial growth seem to require more time for expression than temperature effects, which are expressed almost immediately. Kjeldgaard et al. (1958) showed that when cultures of Salmonella typhimurium were transferred to enrlched medium (shift-up), DNA synthesis rates and cell division responded with a lay period of 20 to 70 min. Interestingly, their results also showed that durlng the shift-up experiments, the lag period for DNA synthesis and cell division could be shortened 50 % by increasing incubation temperature from 25 to 37 "C. Hollibaugh (1979) showed that DFAA uptake rates had a lag period of 60 h for response to DFAA enrichment, and that the lag period could be reduced from 240 to 48 h when temperature was increased from 3 to 25 "C. These support the hypothesis proposed above, suggesting that the substrate effects on bacterial growth are temperature dependent.
In estuarine and coastal ecosystems, substrate supply for bacterial growth can come from allochthonous and autochthonous inputs. By comparing bacterial biomass in lakes and the oceans, Simon et al. (1992) showed the intercepts of the correlations between bacterial and phytoplankton biomass were higher for lakes than oceans. They suggested that allochthonous substrate sources, in addition to phytoplankton production, support higher bacterial biomass in lakes. Findlay et al. (1992) estimated that in the Hudson Estuary, the amount of allochthonous carbon inputs necessary to support bactenal productivity were 3 to 6 times the net carbon fixation by phytoplankton. Riverine organic matter has been hypothesized to be important in supporting bacterial growth (Findlay et al. 1991 , Chin-Leo & Benner 1992 . With so many possible substrate sources, it is not unreasonable to assume that in situ substrate supply in temperate estuaries will not limit bacterial growth during non-summer seasons and the results presented here confirm this hypothesis.
CONCLUSIONS
The growth of bacteria in the Chesapeake Bay ecosystem is primarily limited bv temperature instead of substrate availabhty during non-summer seasons when temperature is < 20°C. The temperature effect on estuarine bacterial specific growth rate is independent of habitat, season, in situ chlorophyll concentrations and substrate availability. The relative importance of temperature and substrates for bacterial growth may shift in different habitats or in different seasons (summer versus non-summer). The lack of substrate-temperature interaction and the dominance of temperature over substrate can only occur when substrate supply is not limiting the growth of bacteria. When higher temperatures allow faster maximum bacterial growth rates, however, cells require greater rates of substrate supply and substrates could become limiting. This could be due to bacterial growth rates having a stronger temperature dependence than processes which supply substrates so the bacterial requirement for substrate exceeds the supply as temperature rises.
